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FOREWORD 


! 

The  purpoee  of  this  memorandum  is  to  present  a  preliminary 
heat  shield  and  weight  analysis  for  the  aix-man  Multi-Mission 
Utility  Glider  under  study  by  General  Dynamies/Astronaatica. 


Page  ii 

Report  No.  ERR-AN-100 


TABLE  OF  CONTENTS 


PAGE 


FOREWORD .  i 

TABLE  OF  CONTENTS . . .  ii 

LIST  OF  TABLES . ill 

LIST  OF  ILLUSTRATIONS . 

SUMMARY . .  Ti 

INTRODUCTION .  1 

DISCUSSION  AND  RESULTS .  2 

A.  Aerodynamic  Heating . . .  2 

B.  Entry  Corridor . . .  3 

C.  Configurations .  3 

D.  Heat  Shield  Design . . .  4 

1.0  Stagnation  Regions .  5 

1.1  Nose  Cap . . .  5 

1.2  Wing  Leading  Edge .  7 

1.3  Tail  Fin  Surfaces .  8 

2.0  Lower  Surface . .  9 

3.0  Upper  Surface.. .  11 

3.1  Skin . 12 

3.2  Viewing  Port .  13 

E.  Weight  Analysis . . .  13 

CONCLUSION .  14 

REFERENCES .  16 


Pag*  ill 

Report  No.  ERR-AN-100 


r 


-r-* 


HH1H7771 


LIST  OP  TABLES 


TABLE  PAGE 


1  Multi-Mission  R/V  Nos*  Cap, 

Leading  Edge  and  Bottom  Surface 

Heat  Shield  Design  Parameters .  17 

2  Multi-Mission  R/V  Local  and  Total 

Heat  Shield  Weight  Breakdown . .  18 


PR'WTF  Mh/ 


771 


Pag#  It 

Report  No.  ERR-AN-100 


LIST  OF  ILLUSTRATIONS 


FIGURE  PAGE 


1  Multi-Mission  R/V  Drag  Overshoot  Initial 

Phase  Trajectory,  Angle  of  Attack  ■  60* .  19 

2  Multi-Mission  R/V  Lifting  Undershoot  Initial 

Phase  Trajectory,  Angle  of  Attack  ■  60* . .  20 

3  Multi-Mission  R/V  C  oast  Phase  for  Drag 
Overshoot  and  Lifting  Undershoot 

Trajectories,  Angle  of  Attack,*  17.5* .  21 

4  Multi-Mission  6-Man  Re-entry  Vehicle 

Configuration  2A . . .  22 

5  Multi-Mission  6-Man  Re-entry  Vehicle 

Configuration  IB .  23 

6  Stagnation  Heat  Flux  on  20-Inch  Diameter 
Nose  Cap  Drag  Overshoot  and  Lifting 
Undershoot  Trajectories,  Angle  of 

Attack  .  60* .  24 

7  Hot  Gas  Cap  Radiation  for  Drag  Overshoot 

and  Lifting  Undershoot  Trajectories .  25 

8  Stagnation  Tempe'rature  s  on  20-Inch 

Diameter  Nose  Cap,  Drag  Overshoot  fO-352 
Seconds)........ . 26 

9  12.5-Inch  Diameter  Leading  Edge  Temperatures, 

Drag  Overshoot  (0-352  Seconds) .  27 

10  Lower  Surface  Hypersonic  Flow  Pattern  on  a 
Delta  Wing,  Sweep  Angle  -  70°,  Angle 

of  Attack  .  60* .  28 

11  Centerline  Heat  Flux  for  the  Lower 
Surface  Composite  Wall,  Five  Feet  From 

the  Stagnation  Point .  29 

12  Centerline  Heating  for  the  Lower  Surface 
Composite  Wall,  5  Feet  From  the  Stagnation 
Point,  Isochronal  Temperature  Gradients, 

Drag  Overshoot .  30 


V 

< 


Page  ▼ 

Report  No.  EttR-AN-100 


LIST  OF  ILLUSTRATIONS  (Coni) 


FIGURE  PAGE 


13  Temperature  Histories  at  the  Avcoat- 
Uin  K,  and  Min  K  -  Stainless  Steel 

Interfaces,  Drag  Overshoot .  31 

14  Convective  Heating  to  the  Upper  Surface 
of  the  Multi-Mission  R/V,  Drag 

Overshoot..... . 32 

15  Upper  Surface  Temperatures  for  th* 

Multi-Mission  R/V,  Drag  Overshoot .  33 


4 

* 


Pag*  ri 

Report  No.  ERR- AN- 100 


SUMMARY 

Heating  analyses  indicated  an  ablative  type  heat  shield 
was  necessary  for  the  stagnation  regions  of  the  Utility  Glider, 
i.e.  the  nose  cap,  leading  edges  and  bottom  surface;  vhile  the 
cooler  upper  surface  was  adequately  protected  by  a  radiative 
type  heat  shield. 

Pour  configurations  of  the  Multi-Mission  Re-entry  Vehicle 
(or  Utility  Glider)  were  analyzed  for  total  heat  shield  weight. 
Whereas  all  four  configurations  are  delta  wing  glide  vehicles, 
three  are  very  similar  in  shape  while  the  fourth  has  a  much 
flater  upper  surface  and  a  radically  curved  bottom  surface. 
Primary  difference  in  the  first  three  configurations  is  the 
seating  arrangement  of  the  occupants.  The  total  heat  shield 
weight  for  the  first  three  configurations  varied  from  3016  to 
3712  pounds  while  the  fourth  configurations  heat  shield  weight 
was  found  to  be  3179  pounds. 
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INTRODUCTION 

Tbo  re-entry  heating  studies  were  based  on  three  tra¬ 
jectories,  a  lifting  undershoot,  a  drag  overshoot  and  a  eoast 
trajectory.  Total  vehicle  heat  shield  weight  was  based  on  the 
summation  of  the  weight  of  the  varying  types  and  thicknesses 
of  the  heat  shields  at  six  vehicle  locations:  (l)  Nose  Cap, 

(2)  Swept  wing  leading  edges,  (3)  Tail  fins,  (4)  Bottom  Surface, 
(5)  Upper  Surface,  and  (fi)  Viewing  port*  In  all  locations  the 
drag  overshoot  trajectory  produced  the  greatest  total  heat  in¬ 
put  and  consequently  the  most  severe  heating  on  the  beat  shield 
materials;  therefore,  all  heat  shield  designs  at  the  above  six 
locations  were  based  on  the  drag  overshoot  trajectory. 
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DISCUSSION  AND  RESULTS 


A.  Aerodynamic  Heating 

Since  the  vehicles  of  interest  in  our  discussion  re-enter 
at  satellite  and  escape  velocity,  they  are  exposed  to  very  high 
temperature  air,  the  properties  of  which  deviate  from  an  ideal 
gas.  At  velocities  of  about  3000  fps,  the  vibrational  modes  aro 
excited;  then  dissociation  starts  for  oxygen  at  about  7000  fps 
and  for  nitrogen  at  about  15,000  fps.  The  reference  enthalpy 
method  has  been  successful  in  predicting  the  heating  for  satellite 
re-entry  where  these  chemical  reactions  arc  of  major  importance 
(Reference  l).  At  escape  velocity  the  important  reaction  is  the 
ionization  of  the  oxygen  and  nitrogen  atoms.  Although  there  is 
little  aerodynamic  heating  data  at  these  conditions,  it  is 
believed  that  the  reference  enthalpy  method  will  be  useful  in 
predicting  the  aerodynamic  heating  from  an  engineering  standpoint. 
The  convective  heating  used  through  thiB  analysis  was  based  on 
continuum  flow.  The  overall  effect  of  convective  heating  in  tbs 
free-molecular  and  slip-flow  regimes  is  in  general  of  little 
concern  for  ICON  and  ballistic  type  re-entry  vehicles.  Ilovever, 
it  is  possible  that  for  high  lift,  long  glide  time  vehicles  or 
satellites  the  difference  between  vehicle  heating  calculated 
from  the  slip-flow  and  cont inuum  regimes  may  become  significant, 
and  will  be  considered  in  more  detail  in  the  continuing  study. 

Additional  heat  input  to  the  vehicle  is  experiences  by 
radiation  from  the  glowing  hot  gas  cap  created  by  the  nose  cont 
and  shock  wave.  The  radiation  from  the  gas  cap  surrounding  tho 
nost  of  a  blunt  vehicle  re-entering  at  escape  velocity  may  be¬ 
come  a  significant  portion  of  the  total  heat  input.  The  method 
used  to  compute  the  radiative  heat  flux  to  the  stagnation  zones 
from  the  gas  cap  is  from  Kivel  (Reference  2)  and 


f 
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equilibrium  hot  gas.  When  non-equilibrium  condition*  occur, 
however,  the  resulting  radiation  will  generally  be  higher  than 
equilibrium  radiation.  It  has  been  shown  (Reference  3)  that 
non-equilibrium  radiation  can  be  as  much  as  an  order  of  magnitude 
higher  than  equilibrium  conditions.  Fortunately,  non-equlibrium 
conditions  exist  generally  at  high  altitudes  where  the  magnitude 
of  the  radiation  is  itself  low.  For  this  analysis  the  assumption 
of  eauilibrium  conditions  does  not  contribute  any  significant 
error  to  the  calculations. 

B.  Entry  Corridor 

Three  trajectory  conditions  describe  the  entry  liraitatione 
for  the  Uulti-Mission  Re-entry  Vehicle.  First  is  the  drag  over¬ 
shoot  boundary  for  which  the  velocity  remains  above  circular 
velocity  during  the  initial  penetrat  on  but  is  reduced  sufficiently 
to  allow  entry  after  a  skip-out  coast  phase.  This  boundary  is 
shown  in  Figure  1.  The  second  is  the  lifting  undershoot  which 
allows  a  steeper  entry  and  is  shown  in  Figure  2.  Figure  3 
shows  the  third  boundary  condition,  the  coast  phase  from  circular 
velocity.  In  these  analyses,  the  addition  of  one  of  the  first 
two  boundary  trajectories  to  the  coast  phase  constitutes  a  . 
complete  re-entry  flight  trajectory.  It  might  be  noted  that  the 
altitude  and  velocity  of  Figures  1  and  2  do  not  precisely  match 
those  of  Figure  3.  In  the  analyses  the  curves  were  combined  by 
a  step  change  to  represent  a  continuous  flight.  The  small 
discontinuity  produced  in  the  altitude  and  velocity  at  this 
point  in  the  trajectory  did  not  cause  a  large  discontinuity  in 
the  temperature  history  curves. 

C.  Configurations 

Beating  and  weight  analyses  were  performed  on  four  con¬ 
figurations  of  the  Multi-Mission  Re-entry  Vehicle.  The  four 
were  configurations  2A,  IB,  2B  and  3B.  Configuration  2A,  shown 
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in  Figur*  4f  i*  representative  of  configurations  2B  and  3B  except 
for  the  seating  arrangement  of  the  six  passengers  of  the  vehicle. 
Configuration  2A  has  tvo  men  in  front  side  by  side  and  four  men 
side  by  side  in  the  rear  portion  of  the  cabin  Volume i  .  Con¬ 
figuration  2B  has  three-three  arrangement  while  configuration  3B 
has  a  two-two-two  seating  arrangement.  Configuration  IB,  shown 
in  Figur*  5f  is  somewhat  different  from  the  other  configurations 
in  that  it  has  a  flat  upper  surface  and  a  highly  curved  lower 
surface.  The  seating  arrangement  for  configuration  IB  is  similar 
to  2A,  i.e.  a  two-four  arrangement. 

D.  Heat  Shield  Design 

The  following  portions  will  break  down  the  heat  shield  design 
into  three  sections:  1.  Stagnation  regions  (which  includes  nose 

cap,  leading  edges  and  tail  fine),  2.  Lower  surfaces,  and 

3.  Upper  surfaces. 

From  a  review  of  the  Apollo  atudy  which  invest igntt  1  a  large 
number  of  thermal  protection  systems,  it  wa a  decided  i-hat  for 

fabrication  simplicity,  reliability  and  overall  weight  con¬ 
siderations,  an  ablation  type  heat  shield  design  offers  the  best 
practical  solution  to  the  heating  problem  for  the  Multi -Mi ss ion 
Re-entry  Vehicle  in  areas  of  high  heating.  A.n  ablation  design 
was  utilized  on  the  nose  cap,  leading  edge3,  bottom  surfaces  and 
fins,  while  a  radiation  type  heat  shield  was  used  on  the  cooler 
top  surface. 

Although  the  Multi-Mission  lle-entry  Vehicle  i3  a  manned  space¬ 
craft,  the  analysis  in  this  report  did  not  strive  to  limit  the 

inside  temperatures  to  living  condition  (i.e.  approximately  70°F). 
Instead,  the  boundary  for  heating  was  the  allowable  temperatures 
of  the  materials  used  in  the  heat  shield  design.  It  is  presently 
planned  to  insulate  the  cabin  separately  with  a  low  nsity,  high 
performance  insulation  material,  the  selection  to  be  i  ado  in  a 
continuing  study. 
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1.0  Stagnation  Region* 

1.1  Noee  Cap 

The  heat  inpnt  to  the  noee  cap  is  composed  of 
two  parte,  the  convective  heat  input  and  the  equilibrium 
gas  cap  radiation  input. 

The  convective  heating  rate  at  the  spherical 
stagnation  point  was  calculated  by  use  of  an  existing 
IBM  7090  digital  computer  program  (Reference  4)  con¬ 
taining  analysis  equations  from  Goldstein  (Reference  5) 
and  utilizing  the  reference  enthalpy  method  of  Eckert 
(Reference  6).  The  convective  heating  stagnation  heat 
flux  on  the  20-inch  diameter  nose  cap  of  the  Multi- 
Mission  Vehicle  is  shown  in  Figure  6.  The  heat  input 
by  hot  gas  cap  radiation  i3  shown  in  Figuro  7.  A 
comparison  of  the  two  indicates  that  the  radiation 
heat  flux  to  the  hose  cap  is  a  small  portion  of  the 
total  input,  amounting  to  approximately  4^  of  tne  total 
heat  input  at  the  time  of  peak  convective  heating.  The 
method  used  to  compute  the  gas  cap  radiation  was  th&t 
of  Kivel  (Ref  erence  Z)  and  appears  to  give  smaller 
values  than  the  radiation  fluxes  calculated  by  Li-Geiger 
(Reference  7)  methods. 

From  previous  experience  it  was  decided  that 
for  a  low  weight,  high  performance  heat  shield  the  con¬ 
struction  would  consist  of  sandwich  layers  of  ablator, 
insulation  and  hot  structure.  Since  the  insulation  and 

structure  allowable  temperatures  would  dictate  the  wall 
thickness  and  consequently  the  weight,  high  temperaturs 
Kin-K  2000  and  stainless  steel  honeycomb  were  selected. 
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The  allowable  temperatures  of  Min-K  2000  and  stainless 
steel  honeycomb  are  2460°R  and  1460°R  respectively. 

For  the  ablation  type  shield  it  can  be  seen 
that  the  ablation  temperature  and  total  heat  input  are 
directly  related.  For  a  heat  flux  greater  than 
10,000  Btu/ft^  the  use  of  a  low  ablation  temperature 
material  such  as  Avcoat  19  is  not  desirable;  therefore, 
for  a  large  heat  input  of  over  20,000  Btu/ft  such  as 
received  at  the  stagnation  regions  from  the  lifting 
undershoot  and  drag  overshoot  trajectories  for  the 
Multi-Mission  Vehicle,  a  high  ablation  temperature 
material  such  as  Avcoat  X-5026  or  Avcoat  X-5035  is 
desired.  Whereas  Avcoat  X-5035  has  a  lower  heat  of 
ablation  than  Avcoat  X-5026,  it  is  approximately  half 
as  dense  and  analysis  reveal  it  a  definite  weight 
saving  was  provided  by  the  selection  of  this  material. 

The  ablation  tcmpoiature  rind  effective  heat 

of  ablation  of  Avcoat  X-5035  used  in  all  the  analyses 

was  54  60° R  and  8900  Btu/lb.  respectively.  Due  to  r 
lack  of  information  of  the  effect  that  changes  between 
the  stagnation  and  wall  enthalpy  have  on  the  effective 
heat  of  ablation,  the  Avcoat  X-5035  was  assumed  to  have 
a  constant  8900  13tu/lb.  heat  f  abinti  on  thi oughout 
flight.  Because  Avcoat  X-503'>  has  a  high  ablation 
temperature  the  effect  of  enthalpy  changes  is  not  as 
significant  as  with  a  low  ab.ilion  temperature  material; 
however,  the  interior  skin  t  npera  tu  res  predicted  may 
be  lower  than  calculated  when  the  effective  heat  of 
ablation  is  used  as  a  variable  with  enthalpy. 
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Figure  8  show*  the  temperature-tine  histories 
for  various  locations  in  the  vail  for  the  initial  portion 
only  of  the  drag  overshoot  trajectory.  It  can  be  seen 
fron  Figure  8  that  the  allowable  temperatnrea  of 
Min-K  2000  and  stainless  steel  honeycomb  have  already 
been  approached  or  reached,  yet  at  this  time  of  flight 
(352  seconds  out  of  4000  seconds)  approximately  20%  of 
the  total  integrated  heat  input  has  been  applied  to  the 
wall.  It  therefore  can  be  concluded  that  the  heat 
shield  wall  in  Figure  8  must  be  increased  in  thickness, 
and  fron  a  knowledge  of  the  heat  fluxes,  configurations 
and  heat  shield  materials  a  conservative  design  was 
selected  for  this  preliminary  study  and  is  shown  in 
Table  1. 

1.1  Wing  Leading  Edge 

The  analytical  technique  used  for  the  leading 
edge  heating  was  the  same  as  for  the  nose  cap  (Section 
D,  l.l)  except  to  account  for  the  leading  edge  yaw-angle 
to  the  airstream.  This  relationship  was  taken  from 
Reference  8t  based  on  experimental  data  showing  the 
influence  of  yaw  on  average  heat  transfer  rates  to 
cylinders  in  high  Mach  number  flow. 

The  Multi-Mission  Re-entry  Vehicle  flies  at 
a  60  degree  angle  of  attack,  the  yaw  relationship  is 
not  simply  based  on  the  geometric  sweep  angle  (Figure  4, 
5),  but  a  combination  of  this  angle  with  the  angle  of 
attack.  This  included  angle  was  found  to  be  approx¬ 
imately  60  degrees  using  both  vector  analyses  and 
descriptive  geometry.  The  yaw-angle  therefore  was  30 
degrers  and  when  used  with  Reference  £  results  in  heat 
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rotoe  which  ore  80  percent  of  tho  unyawed  hooting  rotoo. 

The  heot  inpot  to  tho  12.5-inch  diameter  wing 
loading  edge  was  again  composed  of  two  parts,  tho  coa- 
woctive  heat  input  and  the  equilibrium  gas  cap  radiation 
input.  The  equilibrium  gas  cap  radiation  input  was 
assumed  to  bo  the  same  as  that  for  the  nose  cap  and  is 
ohown  in  Figure  7.  The  tempera ture-time  histories  of 
▼arious  locations  in  a  preliminary  heat  shield  design 
for  tho  heat  limiting  drag  overshoot  trajectory  are 

o 

shown  in  Figure  9.  While  Figure  9  represents  only 
approximately  20%  of  the  total  integration  heat  flux 
to  the  wall,  it  can  be  seen  that  the  Min-K  and  stainless 
steel  all  owable  temperatures  have  already  been  reached. 
Consequently,  based  cn  a  knowledge  of  the  heating  rate, 
heat  shield  materials  and  configuration,  a  conservative 
design  was  selected  and  is  shown  in  Table  1. 

1.3  Tail  Fin  Surfaces 

Although  the  rail  fins  would  normally  be  ex¬ 
posed  to  high  heat  ilexes  during  flight  at  low  angle  of 
attack,  the  Multi-Mission  Re-entry  Vehicle  initially 
ro-enters  at  a  60-degree  angle  of  attack;  and  hence, 
when  the  angle  of  attack  and  tail  fin  sweep  angles  ar« 
combined  it  is  expected  that  the  beating  on  the  fina  will 
be  considerably  below  that  of  stagnation  heating.  For 
this  preliminary  design  an  analysis  wo u  not  performed 
on  the  tail  fins  and  therefore,  the  optimum  skin  thick¬ 
ness  is  not  known.  However,  a  conservative  design 
identical  to  the  leading  edge  heat  shield  and  bottom 
surface  walls,  3hown  in  Table  1,  was  selected  and 
used  in  the  weight  analysis. 


Page  9 

Report  No.  ERR-AN-100 


2.0  Lower  Surface 

Bottom  surface  flow  patterns  for  flat  delta 
wings  having  a  70  degree  sweep,  a  blunted  nose  and  blunted 
leading  edges  were  obtained  from  NASA  data  (Reference  9 ) 
and  are  shown  in  Figure  10  for  a  60  degree  angle  of 
attack.  Although  the  lower  surface  of  the  Multi-Mission 
Vehicle  is  not  perfectly  flat  (Figures  4  and  5),  it  has 
the  same  sweep  angle  and  will  fly  at  60  degrees  angle 
of  attack  during  the  initial  re-entry  phase,  therefore, 
the  flow  pattern  on  its  lower  surface  will  be  very 
similar  to  that  shown  and  should  not  alter  centerline 
heating  appreciably.  An  explanation  of  the  flow  pattern 
shown  in  Figure  10  is  that  at  high  angles  of  attack, 
the  pressure  distribution  from  the  centerline  outward 
to  the  leading  edge  exhibits  a  falling  pressure  which 
causes  the  boundary  layer  to  diverge. 

Aerodynamic  heating  calculations  on  the  lower 

surface  centerline  were  performed  as  indicated  in 
Reference  9.  A  point  on  the  center  at  a  distance  of 
3  nose  diameters  from  the  stagnation  point  was  selected 
as  representative.  Data  obtained  from  Reference  9  were 
extrapolated  for  a  delta  wing  at  60°  angl.  of  attack 
and  the  heating,  which  is  thought  to  be  slightly  con¬ 
servative,  was  determined  at  the  location  noted  earlier. 

The  severity  of  the  entry  heat  flux  (Figure  ll)  posed 
the  problem  of  adequate  protection  of  the  basic  vehicle 
structure.  Two  alternatives  to  the  design  were  con¬ 
sidered,  use  of  existing  ablation  materials  having  a 
relatively  high  ablation  temperature  (and  low  density) 
and  materials  having  a  low  ablation  tempe  .ture 
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(and  high  density).  It  was  found  that  tho  thickness  of 
lev  ablation  temperature (  high  density  material  required 
would  result  in  a  greater  initial  weight  than  the  high 
ablation  temperature  materials  because  of  the  need  for 
the  ahlayor  to  provide  the  necessary  temperature  drop 
to  the  Avcoat  ablator  -  Min-K  interface.  Radiation 
systems  are  in  general  restricted  to  flight  regimee 
hawing  low  rates  of  aerodynamic  beating,  due  to  serwicc 
temperature  limits  on  tho  skin  and  ineulater(  hence,  no 
attempt  was  made  to  atudy  refractory  metal  syetoms  of 
this  type. 

After  celecting  a  low  density,  low  conductivity 
ablator  for  the  vehicle  outer  surface,  it  remained  to 
narrow  the  selection  of  the  trajectory.  The  design  of 
the  heat  protection  system  would  utilize  .he  trajectory 
yielding  the  greatest  total  heat  load  in  order  to  pro¬ 
vent  structural  temperatures  from  exceeding  maximum 
allowables.  The  drag  overshoot  trajectory  whiwa  in 
Figure  1  was  used  as  the  reference.  Figure  12  gives 
eene  isochronal  temperature  gradients  through. Avcoat 
5035  ablator  and  an  insulator  designated  as  Min-K  2000. 
Although  the  Min-K  2000  is  not  truly  a  high  strength 
insulator,  it  may  be  sufficiently  strong  for  lifting 
re-entry  vehicles  design.  Min-K  2000  is  one  of  the 
first  materials  developed  from  consideration  of  the 
fundamental  piinciplcs  of  heat  transfer  in  fibrous  in¬ 
sulators,  and  there  fore  is  very  efficient. 

".'he  heat  flux  history  shown  in  Figure  11  and 
the  resulting  temperaturss  in  Figure  12  seem  to  indicate 
an  adequate  design,  in  fact,  a  margin  of  overdesign 
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appears  to  exist  when  the  temperature  history  is  plotted 
for  the  Avco&t  5035  Min-K  2000  interface  (Figure  13). 
However,  the  drag  overshoot  trajectory  may  be  expected 
to  have  flight  times  of  durations  lasting  to  4000  seconds, 
at  about  a  17°  angle  of  attack.  In  this  case,  the 
average  heat  input  to  the  surface  may  approximate  20 $ 
of  the  peak  rate  shown  in  Figure  11  and  the  heat  input 
must  be  accounted  for.  Experience  has  shown  that  isochronal 
peaks  such  as  those  in  Figure  12  will  shift  to  distances 
further  removed  from  the  outer  surface  so  that  the  max¬ 
imum  allowable  terap?rature  of  2460°It  for  the  Min-K  2000 
would  be  exceeded  beyond  350  seconds  of  flight.  Since 
no  heat  flux  data  were  obtained  for  the  entry  portion  of 
flight  other  than  a  00°  angle  of  attack  (first  350 
seconds),  estimates  were  made  of  the  thickness  of 
materials  required  for  extended  flight  times  when  the 
entry  maneuvers  would  change.  Overall  thicknesses  are 
given  in  Table  1  showing  a  conservative  design  of  0.75" 
Avcoat  5035,  1.0"  Min-K  2000,  and  0.50"  stainless  steel 

honeycomb  with  0.01*  stainless  steel  facings.  The  local 

2 

weight  of  this  composite  is  5.0  lbs/ft  . 

3.0  Upper  Surface 

Because  the  Multi-Mission  Vehicle  flies  at  a  large 
angle  of  attack  to  maintain  lift  during  re-entry,  the  air¬ 
flow  over  the  upper  surface  remains  separated.  Aerodynamio 
heating  of  these  surfaces  was  assumed  to  be  .7  of  attached 

turbulent  flow  baaed  upon  correlations  presented  in 
Reference  10-.  The  convective  heat  flux  calculated  at  1  foot 
and  10  feet  positions  on  the  upper  surface  are  shown  in 
Figure  14.  For  these  calculations  the  initial  phase  of  the 
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4rag  overshoot  trajectory  and  tha  caaat  phase  at  tha  tra¬ 
jectory  vara  faired  together  at  a  Telocity  af  24,400.  Thia 
raaalta  la  a  total  trajectory  tine  af  3200  ascends,  approx- 
iaataly  800  aaconda  shorter  than  tha  total  tiaa  aaad  far  tha 
atagaatiaa  ragion  and  lovor  anrfaca  calcnlatiana. 

3.1  Shin  Area 

The  temperatures  af  tha  uppar  aarfaaa  vail 
wara  calculated  for  three  poaitlona,  1  foot,  5  feat 
and  10  fact  aft  of  the  stagnation  lino.  A  wall  con¬ 
figuration  employing  radiation  boat  shield  dasiga 
principals  was  chosen  for  analysis  since  temperatures 
in  the  order  of  2000°R  to  2500°R  are  typical  of  sep¬ 
arated  f?ow  heating  during  re-entry.  The  particular 
design  studied  has  ADL-17  powder  encapsulated  in  Inconel 
X  to  i  nsul&te  the  underlying  vehicle  structure  (Ref¬ 
erence  11).  The  outer  surface  of  the  Inconel  X  container 
acts  as  the  radiating  heat  shield  and  will  operate 
satisfactorily  at  temperatures  up  to  2460* R  (Reference  12). 

Figure  15  shows  the  temperatures  calculated 
for  both  the  outer  and  inner  surfaces.  Because  thA 
underlying  stainless  steel  structure  is  temperature 
United  at  li60cR,  it  is  apparent  that  the  thickness 
ef  the  ADL-17  power  may  be  reduced.  Thia  could  result 
in  a  weight  saving  of  approximately  .2  to  .3  pounds  per 
square  foot.  A  half -section,  plan  view  of  the  re-entry 
vehicle  is  also  shown  with  isotherms  at  the  thres 
distances  studied  measured  '.ft  from  tho  leading  edge 
in  tho  direction  of  the  vehicle  axis.  However,  high 
angle*  of  attack  may  cause  .he  flow  to  bo  noro  normal 
t#  tho  leading  edge. 
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3.2  Viewing  Port 

Vycor  glass  was  studied  for  the  pilot  viewing 
port  located  near  the  center  of  the  vehicle.  This  type 
of  glass  has  good  thermal  conductivity  thereby  Min¬ 
imizing  temperature  induced  strains.  Temperatures 
calculated  for  a  .75  inch  thick  viewing  port  are  shown 
in  Figure  15.  Since  these  temperatures  are  higher  than 
those  suitable  for  cabin  inner  wall  temperature,  an 
inner  layer  of  heat  resisting  glass  should  be  provided 
preferably  with  an  air  gap  between  it  and  the  Vycor. 

S.  Weight  Analysis 

The  total  vehicle  heat  Bhield  weight  was  based  on  the  sum¬ 
mation  of  the  weight  of  the  heat  shield  at  six  vehicle  locations: 
{ 1 )  nose  cap,  (2)  wing  leading  edges,  (3)  Tail  fins,  (d)  bottom 
surface,  (5)  Upper  surface,  and  (o)  viewing  port.  The  total 
vehicle  heat  shield  weight  was  calculated  by  multiplying  the 
weight  per  unit  area  of  a  particular  heat  shield  design  times 
the  total  area  of  that  location.  The  local  and  total  weight 
breakdown  is  shown  in  Table  2. 
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CONCLUSIONS 

Da*  fi  th*  preliminary  natur*  *f  this  study  aasaapti*a* 

w*r*  b*c*||Dt  far  th*  c*apl*tioa  *f  th*  heat  ahi*ld  and  weight 
analyst*.  ♦§  briefly  summarise  th*  assumptions:  (l)  Considered  all 
••mctiiil  hitting  a*  c*ntinuun  flow  (2)  Considered  th*  effeetiw* 
heat  sf  ahlatisn  of  th*  Aweoat  X-S035  aaterial  a*  constant  throughout 
flight,  (f)  Considered  th*  combination  of  the  initial  and  coast  tra- 
j*«t*ri*a  at  a  step-function,  (4)  assuaed  coast  phase  was  apprsz- 
iaately  Md  sf  integrated  heat  flua,  (5)  assuaed  aerodynaais  heat¬ 
ing  en  top  surface  to  be  0.7  of  attached  turbulent  flow,  (b)  assuaed 
radiation  heating  from  gas  cap  as  equilibrium  heating  throughout 
flight,  aflf  finally  (7)  the  bottoa  surface  was  treate  i  aa  a  flat 
surface  rdther  than  curved.  It  might  be  stated  that  be  degree  te 
which  each  assumption  effects  the  total  heating  is  rot  accurately 
predictably;  however,  it  is  felt  that  none  of  the  assumptions 
singularly  produce  any  large  errors  in  the  analysis  and  fu;fhe:  -ore 
somewhat  offset  each  stbsr.  To  support  this  latter  statement  it 
may  be  notad  by  atndy  that  the  first  four  assumptions  appear  to  hav» 
tha  effect  ef  increasing  the  heat  input  while  the  last  two  assumptions 
appear  te  lower  the  heat  input  to  the  vehicle.  Nevertheless,  it  is 
felt  that  the  i  ncluded  vehicle  heat  shield  design  is  conservative 
although  preliminary. 
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MULTI  -  MISSION  R/V 
NOSE  CAP,  LEADING  EDGE  4  BOTTOM.  SURFACE 

HEAT  shield  design  parameters 
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wulti—  Mission  r/v 

.LOCAL  £  TOTAL  HEAT  SHIELD  WEIGHT  BREAKDOWN 
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lover  surface  hypersonic  flow 

PATTERN  ON  A  DELTA  WING 

SWEEP  ANGLE  -  70* 

ANGLE  OF  ATTACK  .  60* 


FIGURE  10 
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